Using the 5-year summer Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) data, the geographical distributions of cirrus over the Tibetan Plateau have been studied 20 according to the cloud top height. The cirrus number at the corresponding heights exhibit striking
CALIPSO provides not only the precise identification of cirrus clouds but also a glimpse into their vertical distribution, allowing us to gain further insight into the formation mechanisms of cirrus. To focus on the characteristics of cirrus occurrence during the ASM period, we collect the five years CALIPSO data from June to August (2012 August ( -2016 . The cloud layer products include the Feature Classification Flags to identify clouds and aerosols and to discriminate their species further. The CALIPSO cloud subtyping algorithm 5 follows the cloud top pressure thresholds from the International Satellite Cloud Climatology Project (ISCCP) cloud-type classification scheme [Rossow and Shiffer, 1991] . In this paper, we only use the data which is verified by the CALIPSO discrimination algorithm as cirrus. (i.e., "Feature Type" parameter equals 2 and "Feature Subtype" parameter equals 6). Moreover, only data with the cloud-and-aerosol discrimination (CAD) score between 70-100 is considered in our analysis to avoid highly uncertain cloud 10 features . CALIPSO original orbital daily data is calculated into grid points data with the latitude-bylongitude resolution of 1°×2°. We select relatively fine latitude grids and coarse longitude grids because observations are available along the given CALIPSO orbit while the adjacent track is separated by ~1.6° in the longitude. The 1°×2° box strikes a balance between a region small enough to fully depict the 15 variation of an individual grid and large enough to collect enough numbers of observations. In this article, the definition of the TP is from 25°-45°N and 65°-105°E with the altitude higher than 3000 m [Yan et al., 2016] . In the chosen spatial domain, the CALIPSO measurements are grouped into 20 lattices, and the occurrance number of each bin is the average of all orbits passing through the corresponding grid cells.
We also employ the OLR data from the National Oceanic and Atmospheric Administration 20 (NOAA) satellites. OLR is calculated daily as the average of the daytime and nighttime measurements by https://doi.org/10.5194/acp-2019-1000 Preprint. Discussion started: 2 January 2020 c Author(s) 2020. CC BY 4.0 License.
the Advanced High-Resolution Radiometer with 2.5°× 2.5° resolution [Liebmann and Smith, 1996] . Its value has widely been acknowledged as a proxy for the convection intensity [Das et al., 2011] . Typically, OLR value below 200 W m -2 indicates deep convection [Fujiwara et al., 2009] and deep convection represents regions with extensive lifting of air that may play roles in the formation of cirrus [He et al., 2013] . 5 
Description of Reanalysis Data
Data used in the paper also includes: the Japanese 55-year Reanalysis dataset (JRA-55;
1.25°× 1.25°; 37 pressure levels) [Kobayashi et al., 2015] and the interim European Centre for Medium-Range Weather Forecasts Re-Analysis data (ERA-Interim; 1°× 1°; 37 pressure levels) [Dee et al., 2011] .
The study time of all the reanalysis products in this paper is June to August from 2012-2016. To ensure 10 the data resolution will not influence our investigation, we interpolate all reanalysis datasets onto the same horizontal resolution as that of the CALIPSO bin.
The gravity wave zonal and meridional acceleration data are acquired from the Japan Meteorological Agency. Cheng et al. [2014] showed that JRA-55 gave the best capture of the diurnal rainfall cycle over the TP and the eastward precipitation propagation to the eastern lees among four 15 reanalysis datasets. Besides, JRA-55 has the smallest root mean square error in the U and V wind throughout the vertical column over the plateau [Cheng et al., 2014] . By comparing with ERA-Interim and NCEP, JRA-55 also displays the best correlation in thermal heating with the station data over the plateau [Hu and Duan et al., 2015] . Considering that the gravity wave in the reanalysis product is obtained according to the observationally constrained horizontal wind speeds and densities [Cohen and Boos, 20 https://doi.org/10.5194/acp-2019-1000 Preprint. Discussion started: 2 January 2020 c Author(s) 2020. CC BY 4.0 License. 2016], JRA-55 is therefore relatively reliable and useful for studying the gravity wave activities over the TP. Moreover, Podglajen et al. [2014] indicated that the ECMWF data was not adequate in representing the wave disturbances, while the standard deviation of zonal wind for JRA-55 data was more obvious despite similar geographical patterns of the two different datasets [Kawatani et al., 2016] .
The temperature and geopotential height from ERA-Interim are also utilized in this study [Dee 5 et al., 2011] . The variables are vertically interpolated from 1000 hPa to 1 hPa as 37 pressure levels. By verifying with 3000 high-quality and independent sounding observations, the ERA-Interim data produces relatively small mean bias in temperature profiles during the TP Experiment [Bao and Zhang et al., 2012] .
Other studies also prove the reliability and quality of ERA-Interim temperature and geopotential height data over the plateau [Gerlitz et al., 2014] . 10
Results
Cirrus occurrence number is the total number of profiles identified as cirrus. In order to better probe the vertical development of cirrus, cirrus occurrence events are further grouped into four types based on the cloud top height: < 9 km; 9-12 km; 12-15 km; > 15km. Fig.1 shows the distribution of cirrus (<9km) occurrence numbers measured by CALIPSO during the 2012-2016 summer. The brown curve 15 represents topographic height which equals 3000 m. For cirrus top altitude less than 9 km, large numbers of cirrus are observed in the central and western part of the TP with peak numbers over 200. It is noteworthy that the large value region lies within the 4500 m topographic height line (black curve), indicating an extremely close relationship between the cirrus occurrence and the altitude. Some studies attribute the existence of cirrus with convection produced by surface heating [Yanai et al., 1992 ; Chen 20 https://doi.org/10.5194/acp-2019-1000 Preprint. Discussion started: 2 January 2020 c Author(s) 2020. CC BY 4.0 License.
and Liu, 2005] . The TP performs as an enormous and intense heat source with strong surface diabatic heating in summer, since the intensity of radiation cooling is not strong enough to balance the diabatic heating [Wu, 1984] . With a shallow cyclonic circulation close to the TP surface and a deep anticyclonic circulation aloft, the moist airflows can be rapidly uplifted to the upper layers and cirrus formation is simulated. The topmost contribution to the summer TP heating originates from the latent heat, which is 5 almost three times as much as the sensible heat. However, the latent heat is almost negligible at high levels over the west flank of the TP [Duan and Wu, 2005] . Therefore, the combination of the sensible heat and radiation cooling results in weak subsidence above the lower troposphere, limiting the vertical extent of cirrus over these regions. In other words, the ascending motion and the associated water vapor evaporation due to orographical heating are responsible for the cirrus formation, but the radiation cooling 10 in the upper layers prohibits the vertical growth of cirrus. Therefore, the cirrus over the high topographic height areas is concentrated below 9 km. between 9-12 km from 2012-2016 in summer. It is obvious that the occurrence number starts to reduce over the highland and expands towards the north and northeast of the plateau. Considering that large 15 values also occur at the north side out of the TP, cirrus with cloud top between 9-12 km is generated by external forcings different from orography. The dotted regions represent places where the corresponding gravity wave acceleration is less than 0 from JRA-55 products. Since gravity wave propagates vertically, these negative acceleration value means that the wave upward velocity is enhancing, and the gravity wave is becoming more active. These dotted areas are roughly consistent with cirrus occurrence maxima, 20 indicating that cirrus between 9-12km is closely related with the gravity wave. In the western regions of https://doi.org/10.5194/acp-2019-1000 Preprint. Discussion started: 2 January 2020 c Author(s) 2020. CC BY 4.0 License.
the TP (centered around 32°N, 80°E), topography dominates the occurrence of cirrus. Therefore, there are a few numbers of cirrus above 9 km even though the gravity wave favors their growth.
Gravity wave can be triggered by a stably stratified air overflowing obstacles such as the mountain ridge or by jet stream instabilities [Spichtinger et al., 2005; Bühler, 2014] . The eastward subtropical jet stream passes over the TP and its adjacent orography, making them one of the world's largest providers 5 of gravity waves [Cohen and Boos, 2016 ]. On the one hand, these waves transport horizontal momentum and interact with the circulation by propagating vertically. The wave-induced vertical uplift causing the water vapor supersaturation can trigger the occurrence of cirrus [Spichtinger et al., 2005] . On the other hand, the destabilization associated with gravity waves can cause the intrusion of cold air from the stratosphere into the troposphere, which is also suggested as a possible mechanism for cirrus formation 10 [Boehm and Verlinde, 2000; Immler et al., 2008; Fujiwara et al., 2009] . The impact of waves on the homogenous ice nucleation and the combination of homogenous and heterogeneous freezing plays a dominant role in the initial stages of cirrus formation [Spichtinger and Krämer, 2013; Jensen et al., 2016] .
In addition to ice nucleation, Jensen and Pfister [2004] pointed that the in situ transient temperature fluctuation can boost the atmospheric dehydration efficiency and produce larger number of ice crystals 15 along with smaller particle size, creating more cirrus events consequently. Therefore, the fluctuations both in velocities and temperature induced by gravity wave contribute to the formation of cirrus between 9-12 km. But it should be noted that the wave-induced temperature change rather than the upward motion is the primary driver for cirrus, because the wave accelerations are on the order of ±1ms -1 and there is only a few differences in vertical velocities in these regimes. This feature is also in agreement with the 20 results of Muhlbauer et al. [2014] . The subtropical jet stream maximum is situated at the poleward edge of the Hadley cell in the subtropical troposphere (around 200 hPa) [Christenson et al., 2017] . A large negative anomaly in zonal wind speed can be found above that height of the jet maximum [Fujinami and Yasunari, 2001; Kawatani et al., 2004] . Cohen and Boos [2016] mentioned that both the weakened zonal wind and the flow density above the jet stream contributed to the increase of the Froude number, which caused the deposition of 5 momentum and the dissipation of gravity waves. The wave breaking will eliminate the occurrence of convective instability and further limit the vertical height of cirrus. As a result, the cloud top height of cirrus induced by gravity waves is located below 12 km (200 hPa), which is coincident with the height where gravity waves start to break.
The cirrus distribution with the top height between 12-15 km is portrayed in Fig. 3a . The maxima 10 regions dramatically shift to the southern fringe of the plateau, suggesting that cirrus above 12 km over the TP are trigger by another formation mechanism. The black dots represent areas where the maximum convective outflow level is larger than 12 km, indicating that the convective outflow and detrainment occur at the height above 12 km in these regions. The altitude where the smallest potential temperature gradient locates is defined as the convective overflow level [Pandit et al., 2014] . This variable explains 15 the rapid southward shift of cirrus maxima and also makes 12 km a threshold value for different cirrus formation mechanisms over the TP, since cirrus base is mainly found near or above the convective outflow level [Pandit et al., 2014] . However, it is not expected that the cirrus observed between 12-15 km will be uniformly distributed as the geographical coverage of convective outflow level, because this variable only characterizes the thermal stratification of the atmosphere and there is no similarity between the 20 temperature and wind profiles [Webb, 1958] . Meanwhile, the reanalyses data still exhibits bias and https://doi.org/10.5194/acp-2019-1000 Preprint. Discussion started: 2 January 2020 c Author(s) 2020. CC BY 4.0 License. uncertainty over the TP at a regional scale. Therefore, the height of the convective outflow level calculated from ECWMF only offers a necessary condition for the uplift of cirrus, but it is not sufficient enough to ensure the occurrence of cirrus.
Deep convection is widely accepted as a key factor for cirrus formation. In order to probe the connection between the cirrus higher than 12 km and deep convection, the daily averaged OLR 5 distribution for 2012-2016 summer is displayed in Fig. 3b . It is obvious that OLR values decrease gradually to a minimum of 200 W/m -2 over the southern plateau, indicating strong deep convection over these regions. Satellite data also indicates the enhanced convective events appear over the southern TP during the Asia summer monsoon [Yanai and Li, 1994; Luo et al., 2011] . Corresponding to large values of the cirrus number with the top height between 12-15 km in Fig. 3a , the reduced OLRs are also located 10 over the southern part of the plateau in Fig. 3b , further validating that the cirrus among 12-15 km is mainly generated by deep convection. Deep convection, which allows sufficient vertical extent to directly inject particles to the altitude near or below the tropopause, contribute to the predominance of cirrus at low OLR regions. Apart from direct anvil spreading, deep convection can indirectly involve cirrus formation due to the radiative cooling above the deep convective clouds and the updrafts caused by pileus clouds [Sassen 15 et al., 2009] . As a result, cirrus is formed above 12 km as remnants of overflow and dissipation from deep convective anvils. It should also be mentioned that the timing of the twice-daily CALIPSO overpasses is not in sync with the period of daily OLR data. Therefore, the maxima areas of cirrus number do not agree very well with the center of low OLR as indicated by Fig.3a and b .
The cloud top upper limit for cirrus over the Plateau is 18 km as observed by lidar. However, for 20 cloud top above 15 km, the CALIPSO lidar observations see much less cirrus over the plateau, and there https://doi.org/10.5194/acp-2019-1000 Preprint. Discussion started: 2 January 2020 c Author(s) 2020. CC BY 4.0 License.
is almost no geographical variation in cirrus numbers over these regions. Therefore, their features and the corresponding mechanisms are not discussed in this paper.
To quantify the impact of the above driving forces on the cirrus formation at their corresponding heights, we further calculate their pattern correlation coefficients [Feng et al., 2016] . These coefficients reveal the relationship between two variables at corresponding locations. As indicated by Table 1 , 5 topographic height determines the distribution of cirrus below 9 km with pattern correlation coefficient being 93.7%, while gravity wave acceleration influence the cirrus between 9-12 km with correlation coefficient as -68.9%. For cirrus between 12-15 km, both the convective outflow level and OLR contribute to its occurrence with pattern correlation coefficients of 77.9% and -66.6%, respectively.
Besides, all of these coefficients have passed the t-test with the 99% confidence level. Therefore, the three 10 mechanisms mentioned above are supported statistically.
Summary and discussions
In this paper, we investigated the spatial distribution of cirrus clouds over the TP in the Asia summer monsoon season with 5-year CALIPSO data (2012 5-year CALIPSO data ( -2016 . Remarkable (1) The cirrus with top height below 9 km is closely tied to orography, with pattern correlation coefficient between the topographic height and the cirrus occurrence number as 93.7%. The ascending motion and the associated water vapor evaporation due to the orographical heating in summer contribute to the cirrus formation, but the radiation cooling in the upper layers prohibits further vertical growth of cirrus over the west flank of the TP. 5 (2) The temperature perturbation induced by gravity wave is responsible for the maxima cirrus occurrence at the corresponding locations when the cloud top is between 9-12 km. The fluctuation can boost the atmospheric dehydration efficiency and influence the ice nucleation process, generating more cirrus particles. When gravity waves start to break above the subtropical jet (~12km), the vertical extent of cirrus is limited. 10 (3) Large values of cirrus numbers between 12-15 km are caused by the convective blow-off mechanism. The geographical distribution pattern of cirrus is quite similar to that of the OLR with pattern correlation coefficient as -66.6%. Since OLR is a good proxy for deep convection, cirrus formation involves both the direct and indirect effects of deep convection in low OLR regions. The direct effect is particles being directly injected to heights near or below the tropopause, while the radiative cooling above 15 the deep convective clouds and the regional updrafts via a pileus cloud contribute to the indirect effect. Moreover, the convective outflow level determines the cloud base height of cirrus from the thermal perspective.
Our research provides the first detailed analysis of how the distribution of cirrus shifts geographically over the TP from the height perspective over a regional scale. The results help to map out different geographical locations over the plateau. The unique vertical distribution of cirrus over the TP indicates special features of the connection between cirrus and physical process, and they are distinct from interactions in other regions like the tropical ocean. Therefore, the phenomena discovered in this article may promote our knowledge of cirrus over the TP and provide useful information for model simulations. Since CALIPSO crosses the equator at 0130 and 1330 local time during a day and the orbit 5 repeat only once in 16 days, our research is limited by the sampling time and the orbiting range-resolved resolution. More precise verification of the cirrus formation mechanisms needs to combine with intensive geostationary and in-situ observations to consider the diurnal cycle.
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